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abstract
 
Ivermectin (IVM), a widely used antiparasitic agent in human and veterinary medicine, was recently
shown to augment macroscopic currents through rat P2X
 
4
 
 receptor channels (Khakh, B.S., W.R. Proctor, T.V.
Dunwiddie, C. Labarca, and H.A. Lester. 1999. 
 
J. Neurosci.
 
 19:7289–7299.). In the present study, the effects of IVM
on the human P2X
 
4
 
 (hP2X
 
4
 
) receptor channel stably transfected in HEK293 cells were investigated by recording
membrane currents using the patch clamp technique. In whole-cell recordings, IVM (
 
 
 
10 
 
 
 
M) applied from out-
side the cell (but not from inside) increased the maximum current activated by ATP, and slowed the rate of cur-
rent deactivation. These two phenomena likely result from the binding of IVM to separate sites. A higher afﬁnity
site (EC
 
50
 
 0.25 
 
 
 
M) increased the maximal current activated by saturating concentrations of ATP without signiﬁ-
cantly changing the rate of current deactivation or the EC
 
50
 
 and Hill slope of the ATP concentration-response re-
lationship. A lower afﬁnity site (EC
 
50
 
 2 
 
 
 
M) slowed the rate of current deactivation, and increased the apparent af-
ﬁnity for ATP. In cell-attached patch recordings, P2X
 
4
 
 receptor channels exhibited complex kinetics, with multi-
ple components in both the open and shut distributions. IVM (0.3 
 
 
 
M) increased the number of openings per
burst, without signiﬁcantly changing the mean open or mean shut time within a burst. At higher concentrations
(1.5 
 
 
 
M) of IVM, two additional open time components of long duration were observed that gave rise to long-last-
ing bursts of channel activity. Together, the results suggest that the binding of IVM to the higher afﬁnity site in-
creases current amplitude by reducing channel desensitization, whereas the binding of IVM to the lower afﬁnity
site slows the deactivation of the current predominantly by stabilizing the open conformation of the channel.
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INTRODUCTION
 
Ivermectin (IVM), a semisynthetic derivative of the nat-
ural fermentation products of 
 
Streptomyces avermitilis
 
(Fig. 1 A), is widely used in human and veterinary med-
icine as an antiparasitic agent (Burkhart, 2000). In hu-
mans, more than 18 million people receive IVM an-
nually, predominantly to treat onchoceriasis (river
blindness). Experiments on model organisms strongly
suggest that at therapeutic levels, IVM activates glu-
tamate-gated chloride channels in the nerves and
muscles of the parasite, leading to membrane hyperpo-
larization and muscle paralysis (Dent et al., 1997,
2000). Thus, the major mode of action of IVM is most
likely the disruption of ingestive activity of the parasite,
resulting in starvation. An IVM-sensitive glutamate-
gated chloride channel was ﬁrst cloned from 
 
Cae-
norhabditis elegans
 
 using expression cloning (Cully et al.,
1994). Two cDNA clones (GluCl 
 
 
 
 and GluCl 
 
 
 
) were
isolated that form functional homomeric and hetero-
meric channels. Interestingly, the binding site for
IVM was on the 
 
 
 
 subunit while the binding site for
glutamate was on the 
 
 
 
 subunit. In channels containing
both subunits, IVM directly activated the channels at
high concentrations and at low concentrations potenti-
ated the response to glutamate. Thus, IVM is both an
agonist and an allosteric modulator of glutamate gated
chloride channels. Subsequently, a glutamate-gated
chloride channel subunit was cloned that forms homo-
meric glutamate and IVM-sensitive channels (Dent et
al., 1997; Vassilatis et al., 1997). The three 
 
C. elegans
 
genes encoding the glutamate-gated chloride channel
subunits collectively account for the sensitivity of the
nematode to IVM (for review see Burkhart, 2000; Dent
et al., 2000; Köhler, 2001).
Several other ligand-gated ion channels are activated
and/or modulated by IVM. These include a crayﬁsh
multiagonist–gated chloride-selective channel (Zufall
et al., 1989); GABA
 
A
 
 receptors from nematode (Feng et
al., 2002), chick (Sigel and Baur, 1987), mouse (Krusek
and Zemková, 1994), rat (Adelsberger et al., 2000), and
human (Dawson et al., 2000); 
 
 
 
7 nicotinic receptors
from chick and human (Krause et al., 1998), human
glycine receptor (Shan et al., 2001), the histamine re-
ceptor from ﬂy (Zheng et al., 2002), and the P2X
 
4
 
 re-
ceptor channel from rat (Khakh et al., 1999; Bowler et
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al., 2003). This seeming nonspeciﬁc nature of IVM ac-
tion on ligand-gated channels is misleading since sev-
eral instances of speciﬁcity exist. For example, P2X
 
2
 
,
P2X
 
3
 
, and P2X
 
7
 
 receptor channels, which are homolo-
gous to the P2X
 
4
 
 receptor channel, are not modulated
by IVM, indicating that speciﬁc structural requirements
most likely exist for IVM action.
P2X receptors are cation-selective channels gated by
extracellular ATP (North, 2002). Of the seven cloned
subunits (P2X
 
1
 
–P2X
 
7
 
), all but P2X
 
6
 
 can form func-
tional homomeric cation-selective channels. As men-
tioned above, Khakh et al. (1999) investigated the ef-
fects of IVM on homomeric rat P2X
 
2
 
, P2X
 
3
 
, P2X
 
4
 
, and
P2X
 
7
 
 receptor channels expressed in 
 
Xenopus
 
 oocytes
using the double-electrode voltage-clamp technique
and found only P2X
 
4
 
 to be sensitive to IVM. IVM alone
did not directly activate the P2X
 
4
 
 receptor channels,
but preincubating the oocytes with 0.1–10 
 
 
 
M IVM had
dramatic effects on the current activated by ATP. IVM
increased the maximal current activated by saturating
ATP concentrations and slowed the rate of current de-
activation after the washout of ATP. In addition, IVM
increased the potency of ATP and of the weak agonist
 
 
 
,
 
 
 
-methylene-ATP. Together, these results indicate
that IVM is an allosteric modulator of rat P2X
 
4
 
 recep-
tors, but do not reveal the mechanisms by which IVM
modulates the channels.
To better understand the molecular effects of
IVM on P2X
 
4
 
 receptor channels, we examined the
changes induced by IVM to whole-cell and single-
channel currents of the human P2X
 
4
 
 (hP2X
 
4
 
) recep-
tor channel expressed in HEK293 cells. We found
that IVM likely binds to separate extracellular sites on
the hP2X
 
4
 
 receptor channel to modulate current am-
plitude and the rate of current deactivation. At low
concentrations IVM predominantly augments the
maximal current activated by ATP, while higher con-
centrations of IVM predominantly slow the rate of
current deactivation and increase the potency of ATP.
The single-channel data suggest that IVM increases
current amplitude by reducing channel desensitiza-
tion, while the slowing of current deactivation results
primarily from the stabilization of an open conforma-
tion of the channel.
 
MATERIALS AND METHODS
 
Materials
 
Solutions for electrophysiology were made with highly puriﬁed
water (NANOpure) using chemicals of analytical grade. ATP (po-
tassium salt) and IVM were purchased from Sigma-Aldrich. Solu-
tions containing ATP were prepared freshly each day and the pH
of the solution was readjusted. IVM was dissolved in DMSO
(Sigma-Aldrich); the stock solutions were kept at 
 
 
 
20
 
 
 
C for 2 wk.
The concentration of DMSO in the ﬁnal solutions did not ex-
ceed 0.03%.
 
Cell Culture
 
Human embryonic kidney cells (HEK293) stably transfected with
human P2X
 
4
 
 (provided by Dr. Soto and Dr. Stühmer) were grown
in DMEM/F12 supplemented with 10% fetal calf serum, 100
units ml
 
 
 
1
 
 penicillin, 100 mg ml
 
 
 
1
 
 streptomycin, and 0.5 mg/ml
geneticin (G-418) in a 37
 
 
 
C incubator with 95% air and 5% CO
 
2
 
.
When the cultures were 70–90% conﬂuent, the cells were me-
chanically dispersed and plated on 9-mm coverslips in 35-mm
culture dishes, and used for recording within 1–3 d. Cells were
used up to passage 15. All cell-culture chemicals were purchased
from GIBCO BRL.
 
Whole-cell Current Recording
 
Membrane currents were recorded using the standard whole-cell
conﬁguration of the patch-clamp technique (Sakmann and Ne-
her, 1995). Once the whole-cell conﬁguration was established,
the cell was continuously superfused with extracellular solutions
via a computer-controlled rapid perfusion system (RSC-200; Bio-
logic). Experiments were initiated at least 2 min after establish-
ing the whole-cell conﬁguration to allow equilibration of the
cytosol with the pipette solution. Membrane currents were re-
corded under voltage-clamp using an Axopatch 200A patch-
clamp ampliﬁer (Axon Instruments, Inc.) and stored on VCR
tape for subsequent analysis (VR-10B; Instrutech). Membrane
currents were also digitized on-line using a Digidata 1200 inter-
face board and pCLAMP 6.03 software (Axon Instruments, Inc.).
The sampling frequency was set to at least two times the corner
frequency of the low-pass ﬁlter. The standard extracellular solu-
tion contained (mM): 140 NaCl, 5.4 KCl, 0.5 MgCl
 
2
 
, 2 CaCl
 
2
 
, 10
HEPES, and 10 D-glucose, adjusted to pH 7.4 with NaOH, 315–
320 mOsmol Kg
 
 
 
1
 
. The standard pipette solution contained
(mM): 140 KCl, 2 MgCl
 
2
 
, 2 TEA-Cl, 11 EGTA, 10 HEPES, ad-
justed to pH 7.2 with KOH, 330 mOsmol Kg
 
 
 
1
 
.
Whole-cell perforated-patch current recordings were per-
formed as previously described (Horn and Marty, 1988; Silber-
berg and van Breemen, 1992). A 100-mg/ml stock of nystatin
was prepared fresh every 2 h in DMSO, and diluted 1:1,000 with
pipette solution containing (mM): 75 K
 
2
 
SO
 
4
 
, 55 KCl, 5 MgSO
 
4
 
,
and 10 HEPES, adjust to pH 7.2 with KOH, 310–315 mOsmol
Kg
 
 
 
1
 
. The extracellular solution contained (mM): 160 NaCl, 2
CaCl
 
2
 
, and 10 HEPES, adjust to pH 7.4 with NaOH, 330 mOsmol
Kg
 
 
 
1
 
. Only cells that had a series resistance of 
 
 
 
15 M
 
 
 
 were ana-
lyzed.
 
Single-channel Current Recording
 
Single-channel currents were recorded in either the outside-out
patch conﬁguration or the on-cell (cell-attached) conﬁguration
of the patch-clamp technique (Hamill et al., 1981). For the out-
side-out recordings, the dissociated cells were anchored to the
bottom of the experimental chamber using glass coverslips
coated with concanavalin A (Sigma-Aldrich), as described by Kim
et al. (1993). The external solution contained (mM): 147 NaCl, 1
CaCl
 
2
 
, 10 HEPES, and 11 D-glucose, adjust to pH 7.4 with NaOH,
320 mOsmol Kg
 
 
 
1
 
. Several different concentrations of Ca
 
2
 
 
 
 (be-
tween nominally Ca
 
2
 
 
 
 free and 2 mM) were tested in the outside-
out and cell-attached conﬁgurations, as Ca
 
2
 
 
 
 has been shown to
block P2X
 
2
 
 receptor channels (Ding and Sacks, 1999). In nomi-
nally Ca
 
2
 
 
 
-free solution the outside-out patches were unstable
and the cell-attached patches were very noisy in the presence of
IVM; hence, 1 mM CaCl
 
2
 
 was used. The pipette solution con-
tained (mM): 140 NaF, 5 NaCl, 10 EGTA, and 10 HEPES, adjust
to pH 7.0 with NaOH, 315–320 mOsmol Kg
 
 
 
1
 
. F
 
 
 
 was used as the
major anion in the pipette solution since it was very difﬁcult to
obtain an outside-out patch when only Cl
 
 
 
was used. In whole-cell 
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experiments, the effects of IVM were the same when either Cl
 
 
 
or F
 
 
 
 were the major intracellular anion. Single-channel currents
were low-pass ﬁltered at 5 kHz, digitized at 50 kHz, and stored on
both VCR and computer. Occasional large brief noise spikes were
visually identiﬁed and removed from the current traces. For the
on-cell recordings, the pipette solution (external solution) con-
tained (mM): 154 NaCl, 1 CaCl
 
2
 
, and 10 HEPES, adjust to pH 7.4
with NaOH, 320–325 mOsmol Kg
 
 
 
1
 
. The currents were ﬁltered
and digitized as described for the outside-out patch conﬁgura-
tion.
 
Data Analysis
 
The durations of open and shut intervals were measured with
half-amplitude threshold analysis, as described previously (Mc-
Manus and Magleby, 1988, 1991). The methods used to log bin
the intervals into 1-D dwell-time distributions, ﬁt the distribu-
tions with sums of exponentials using maximum likelihood ﬁt-
ting techniques (intervals less than two dead times were ex-
cluded from the ﬁtting), and determine the number of signiﬁ-
cant exponential components with the likelihood ratio test, have
been described previously (Blatz and Magleby, 1986; McManus
and Magleby, 1988, 1991). The 1-D dwell-time distributions are
plotted with the Sigworth and Sine (1987) transformation, as the
square root of the number of intervals per bin with a constant
bin width on logarithmic time axis.
To estimate the association rate constant, dissociation rate con-
stant, and the equilibrium dissociation constant for the effects of
IVM, it was assumed that there is no cooperativity in the binding
of IVM, that the receptors are homogenous, and that the effects
of IVM can be described by a second order reaction of the type:
where R is the receptor (channel), M is the modulator (IVM),
and K
 
 
 
1
 
 and K
 
 
 
1
 
 are the association and dissociation rate con-
stants, respectively. Accordingly, the equilibrium dissociation
constant (K
 
d
 
) is given by:
The relationship between the association and dissociation rate
constants and the time course of the observed changes in the
current after the addition of IVM (
 
 
 
on
 
) and after the washout of
IVM (
 
 
 
off
 
) are given by:
 
RESULTS
 
Fig. 1 B shows membrane currents recorded in the
whole-cell conﬁguration of the patch-clamp technique
in response to 10 
 
 
 
M extracellular ATP at a holding po-
tential of 
 
 
 
50 mV. The cell was continuously perfused
with the standard extracellular solution while ATP was
applied for 3 s every 3 min (indicated by short bars
above the downward current traces). As a result of ei-
ther partial recovery from desensitization or of run-
down, the response to the second application of ATP in
the control period was smaller than the ﬁrst. However,
after the addition of 3 
 
 
 
M IVM to the extracellular so-
Kd
k 1 –
k1
-------. =
1
τon
------- k1 M []k 1 – + × =
1
τoff
-------- k 1 – . =
 
lution, the current in response to ATP increased while
the current in the absence of ATP (holding current)
was unchanged. After the removal of the IVM the ATP-
induced currents returned to the control level. These
effects of IVM are consistent with previous work on the
rat P2X
 
4
 
 receptor channel studied in 
 
Xenopus
 
 oocytes
(Khakh et al., 1999; unpublished data).
 
IVM Does Not Modulate hP2X
 
4
 
 Channels from within the Cell
 
The gradual onset and washout of the effects of IVM, as
well as its lipophilic nature, suggest that IVM might
need to penetrate the cell in order to modulate the
channel. If this is the case, then IVM should be effec-
tive if directly introduced into the cell via the patch pi-
pette. In such experiments, the ﬁrst response to 10 
 
 
 
M
ATP was measured 20 s after establishing the whole-cell
conﬁguration and thereafter at 3-min intervals. The re-
sponse to the ﬁrst application of ATP was taken to rep-
resent the control response to ATP. Intracellular IVM
(3 
 
 
 
M) had no detectable effect on the amplitude or
on the rate of deactivation of the current activated by
ATP within 6 min. In contrast, 5 min after the addition
of 3  M IVM to the extracellular solution, the maximal
current increased in the same cell 6.7-fold. A similar
lack of effect of intracellular IVM and a signiﬁcant ef-
Figure 1. IVM reversibly augments the response of hP2X4 to
ATP. (A) The structure of IVM (taken from Merck Index). (B)
Whole-cell current traces in response to ATP (10  M) applied for
3 s every 3 min (short bars) before, during, and after the applica-
tion of IVM (3  M), as indicated above the current traces. Hold-
ing potential  50 mV.284 Effect of Ivermectin on hP2X4
fect of extracellular IVM was observed in ﬁve out of ﬁve
experiments. On average, the enhancement in current
amplitude induced by extracellular IVM in cells ex-
posed to intracellular IVM was similar to the enhance-
ment in current induced by extracellular IVM alone
(Fig. 2 B). This indicates that intracellular IVM has
no obvious effect on the hP2X4 receptor channels.
We conclude that IVM modulates the hP2X4 receptor
channels from outside the cell, though the possibility
that IVM must partially embed in the membrane in or-
der to modulate the channels cannot be excluded.
IVM has Two Distinct Effects on hP2X4 Channels
To better resolve the onset of the effect of IVM, a lower
concentration of ATP (3  M) was applied. With this
lower concentration of ATP the current largely recov-
ered from desensitization within 2 min and thus the re-
sponse to ATP could be probed at 2-min intervals. The
current traces in response to ATP shown in Fig. 3 A are
superimposed in Fig. 3 B. Similar to the effects of IVM
on the P2X4 receptor channel from rat (Khakh et al.,
1999), IVM appeared to have at least two effects on the
ATP-activated current: IVM increased the maximal cur-
rent and slowed the rate of current deactivation after
the washout of ATP. The distinct effects of IVM on cur-
rent amplitude and on the rate of deactivation were
more clearly resolved after the washout of IVM, as dem-
onstrated in Fig. 3, C and D. The ﬁrst current trace in
Fig. 3 C shows the response to 10  M ATP applied for 3
s to a cell exposed to 3  M IVM for 6 min. ATP was
then applied at 3-min intervals with the next applica-
tion occurring 130 s after washing out the IVM. Within
the 2 min of the washout of IVM, the pronounced ef-
fect of IVM on the rate of deactivation was greatly re-
duced, whereas the increase in current amplitude in-
duced by IVM was almost unchanged. This differential
rate of recovery from the effects of IVM, most clearly
seen when the ATP-activated currents are superim-
posed (Fig. 3 D), unambiguously demonstrates that
IVM exhibits two distinct actions on P2X receptor
channels.
Fig. 4 summarizes the time course of the effects of
IVM on current amplitude and on the rate of current
deactivation. Fig. 4 A shows the time course of the aver-
age normalized change in the amplitude of the ATP-
activated current (Imax) after the wash-in of 3  M IVM
Figure 2. IVM does not modulate hP2X4 receptor channels
from within the cell. (A) Whole-cell current traces in response to
ATP (3  M) applied for 3 s every 3 min (short bars) before and af-
ter the addition of IVM (3  M) to the extracellular solution, as in-
dicated above the current traces. The ﬁrst application of ATP was
20 s after establishing the whole-cell conﬁguration. The standard
pipette solution also contained IVM (3  M). Holding potential of
 50 mV. (B) Average ( SEM) amplitude of the whole-cell current
activated by extracellular ATP (3  M) 6 min after the addition of 3
 M IVM to the extracellular solution (IVMout), 6 min after expo-
sure to intracellular 3  M IVM (IVMin), or 5 min after the addition
of 3  M extracellular IVM to the cells exposed to intracellular IVM
for 6 min (IVMin   IVMout). The amplitudes were normalized to
the control response (dashed line). The bars represent between
5–14 cells. The statistical signiﬁcance between IVMout and IVMin
was determinate with the unpaired Student’s t test, where *** rep-
resent P   0.001, and between IVMin   IVMout and IVMin with
paired Student’s t test, where ** represent P   0.01.
Figure 3. IVM has two distinct effects on hP2X4 receptor chan-
nels. (A) Whole-cell current traces in response to ATP (3  M) ap-
plied for 3 s every 2 min (short bars) before and during the appli-
cation of IVM (3  M), as indicated above the current traces. Hold-
ing potential of  60 mV. (B) Superposition of the current traces
in A. (C) Whole-cell current traces in response to ATP (10  M) ap-
plied for 3 s every 3 min (short bars) in the presence of IVM (3
 M) and after the washout IVM, as indicated above the current
traces. The ﬁrst exposure to ATP was after the cell was exposed to
IVM (3  M) for 6 min. IVM was washed out 50 s after the ﬁrst ap-
plication of ATP. Holding potential of  50 mV. (D) Superposition
of the current traces in C.285 Priel and Silberberg
(left) and after washout (right). Fitting single exponen-
tial functions to the data yielded time constants of 1.9
and 11.5 min, respectively (solid lines). As a ﬁrst ap-
proximation, the apparent association rate constant,
dissociation rate constant, and the equilibrium dissoci-
ation constant for the effect of IVM on current ampli-
tude were estimated assuming a second order reaction
to be 1.5   105 M  1 min 1, 0.087 min 1, and 5.9  
10 7 M, respectively (see materials and methods for
details).
The time at which the current declined to half the
maximal value (t1/2) after the washout of ATP was taken
as a measure of the rate of deactivation since the time
course of current deactivation could not be ﬁt by a sin-
gle exponential. Fig. 4 B shows the average normalized
change in t1/2 induced by 3  M IVM after wash-in (left)
and after the washout of IVM (right). As for Imax, single
exponential functions ﬁt the data, with time constants
of 4.6 and 2.2 min, respectively. However, the rate of re-
covery during washout was faster than the rate of onset,
indicating that the effect of IVM on current deactiva-
tion is not a simple second order reaction. In other
words, more than one IVM molecule likely binds to the
receptor in order to induce a change in the rate of cur-
rent deactivation (see discussion). The apparent devi-
ation from second order reaction for the effects of IVM
on t1/2 as well as the difference in the rates of onset and
recovery of the effect of IVM on Imax and on t1/2 point
to at least two distinct effects of IVM on the hP2X4 re-
ceptor channel.
The Effects of IVM on Current Amplitude and
on the Rate of Deactivation Have Distinct
Concentration-response Relationships
IVM is a mixture of  90% of 22,23-dihydroavermectin
B1a and  10% of 22,23-dihydroavermectin B1b (Fig. 1
A). Hence, is it possible that the two components of
IVM bind to the same site with different afﬁnities and
have disparate effects on channel gating? In this case,
the concentration dependence for the two effects
should be identical because the ratio of the two compo-
nents does not change as the concentration of the mix-
ture is changed. At equilibrium, the ratio of channels
bound by the B1a and B1b components will remain ﬁxed
as long as the ratio of the two components in the solu-
tion is constant. To examine this possibility we studied
the concentration dependence for the two effects of
IVM on the P2X4 receptor channel. Each cell was ex-
posed to ATP (3  M) for 3 s under control conditions
and after exposing the cell to IVM for 5 min, and Imax
of the second application of ATP was then normalized
to Imax of the ﬁrst application of ATP. An incubation
time of 5 min in IVM was chosen in order to minimize
the effects of desensitization/rundown, and since the
effect of IVM on Imax approached steady-state by this
time (Fig. 4 A). The concentration-response relation-
ship for the effect of IVM on Imax is presented in Fig. 5
(circles). The concentration-response relationship was
ﬁtted by the Hill equation:
where y is Imax in response to 3  M ATP at a given con-
centration of IVM, ycon is Imax in response to 3  M ATP
in the absence of IVM, a is the maximal fold increase in
Imax induced by IVM, n is the Hill coefﬁcient, and EC50
is the concentration of IVM ([IVM]) yielding an effect
half the maximum. From the ﬁt, EC50 was estimated to
be 0.25   0.02  M, similar to the equilibrium dissocia-
tion constant calculated from the association and disso-
ciation rate constants (0.59  M). The Hill coefﬁcient
(n) and the maximal increase in current amplitude (a)
were estimated to be 2.4   0.5- and 6.6   0.3-fold, re-
spectively.
The equilibrium dissociation constant for the effect
of IVM on t1/2 was initially approximated by construct-
ing an IVM concentration-response relationship from
the currents measured after 5 min in IVM (Fig. 5, ﬁlled
yy con
aI V M []
n
IVM []
n EC50
n +
---------------------------------------, + =
Figure 4. The changes in Imax and t1/2 induced by IVM have dis-
tinct kinetics. Average (  SEM) normalized amplitude (A) and t1/2
(B) of the whole-cell currents activated by extracellular ATP (3
 M) as a function of time after the addition of 3  M IVM (left)
and after the washout of IVM (right). The left and right graphs are
the average of three and seven cells, respectively. The solid lines
are exponential ﬁts to the data.286 Effect of Ivermectin on hP2X4
squares). The Hill equation was ﬁtted to the concentra-
tion-response relationship giving an EC50, n, and a of
2.0   0.1, 1.7   0.2, and 42   2-fold  M, respectively.
After 5-min incubation with 3  M IVM, the effect of
IVM on t1/2 is  75% of the maximal effect (Fig. 4 B). To
test to what extent the data at 5 min reﬂects the steady-
state concentration-response relationship, the effect of
IVM on t1/2 after 20 min was examined. The normalized
concentration-response relationships for 5- and 20-min
incubation in IVM are similar (Fig. 5), indicating that
the initial estimate of EC50 and n represent the steady-
state effects of IVM on t1/2. Thus, the concentration-
response relationships for the effects of IVM on Imax
and on t1/2 are indeed displaced in relation to each other.
These results indicate that the two effects of IVM can-
not be attributed to distinct effects of the B1a and B1b
components binding to the same site. We conclude,
therefore, that IVM binds to two separate sites on the
hP2X4 receptor channel: a higher afﬁnity site that pri-
marily affects Imax and a lower afﬁnity site which affects
t1/2 (see discussion).
IVM Modulates the Efﬁcacy of ATP
To determine whether IVM has an effect on the efﬁcacy
of ATP, concentration-response relationships for the ef-
fect of ATP were constructed in the absence and pres-
ence of IVM. To this end, whole-cell currents were
recorded using the perforated-patch whole-cell con-
ﬁguration of the patch-clamp technique to avoid the
decline in current amplitude observed in the conven-
tional whole-cell conﬁguration during repeated ATP
applications. A concentration-response relationship for
the effect of ATP in the absence of IVM was con-
structed ﬁrst. For each cell, different concentrations of
ATP were applied, and each tested concentration of
ATP was bracketed by a measurement with 3  M ATP.
The currents were then normalized to the current acti-
vated by the preceding dose of 3  M ATP. Only cells in
which the response to 3  M ATP did not change by
 20% were analyzed further. Fig. 6 A shows superim-
posed current traces measured from a single cell in re-
sponse to 0.3, 1, 3, or 100  M ATP applied for 2 s un-
der control conditions. The resulting concentration-
response relationship for ATP in the absence of IVM
(averaged from seven experiments) is shown in Fig. 6 B
(empty circles). The Hill equation was ﬁtted to the data
(solid line) with an EC50 n and maximal current of
3.8   0.8  M, 0.8   0.1, and 300   16 pA, respectively.
Next, cells were exposed either to 0.2  M IVM, a con-
centration of IVM which primarily affects Imax (Fig. 5)
or to 1.0  M IVM, which also affects t1/2 (Fig. 5). Each
cell was exposed to IVM for at least 25 min before cur-
rent recording was attempted in order to provide sufﬁ-
cient time for IVM to equilibrate (see Fig. 4). The re-
sulting concentration-response relationships for added
ATP, averaged from eight experiments for 0.2  M IVM
(ﬁlled circles) and seven experiments for 1.0  M IVM
(ﬁlled inverted triangles), are shown in Fig. 6 B. The
EC50, n, and maximal current obtained from ﬁtting
the concentration-response relationships with the Hill
equation (solid lines in Fig. 6 B) are: 2.5   0.7  M, 1.2  
0.3, and 1,200   110 pA, and 0.5   0.1  M, 2.7   0.6,
and 1,100   50 pA, for 0.2  M IVM and 1.0  M IVM,
respectively. It appears from these results that the
higher afﬁnity site for IVM primarily increased the
maximal response to ATP while the lower afﬁnity site
for IVM primarily increased the sensitivity to ATP and
the apparent cooperativity of ATP.
The Effects of IVM on Unitary hP2X4 Receptor Channel 
Currents Measured in the Outside-out Conﬁguration of the 
Patch-clamp Technique
Together, the results presented thus far are consistent
with two distinct allosteric effects of IVM on the hP2X4
receptor channel. To resolve the mechanisms by which
IVM increases the maximal current and slows the rate of
deactivation, single channel currents were measured.
Single-channel currents activated by extracellular ATP
were initially recorded in the outside-out conﬁguration
of the patch-clamp technique. The membrane potential
was held at  150 mV since the conductance of P2X4 re-
ceptor channels is relatively small (Evans, 1996; Negu-
lyaev and Markwardt, 2000). The pipette contained the
standard intracellular solution and the patch of mem-
brane was continuously perfused with the standard ex-
tracellular solution. Upon exposing the patch to extra-
Figure 5. The two effects of IVM have distinct afﬁnities to IVM.
Normalized concentration-response relationships for the effects of
IVM on Imax (empty circles) and on t1/2 (full squares). Each point
represents the average ( SEM) response of six cells 5 min after
the addition of IVM. Solid lines are ﬁts to the Hill equation with
EC50 and n of 0.25  M and 2.4, and 2.0  M and 1.7 for Imax and t1/2,
respectively. The concentration-response relationship for t1/2 20
min after the addition of IVM is also shown (empty squares).287 Priel and Silberberg
cellular ATP (0.3–100  M) bursts of channel activity
were detected in 76 of 264 outside out patches tested.
However, in all but 3 of the 76 patches channel activity
was lost within 40 s and did not recover following several
minutes of wash in the absence of ATP. One of the three
patches in which channel activity persisted for several
minutes is presented in Fig. 7. Representative current
traces recorded in the presence of 3  M ATP are shown.
Downward (inward) current deﬂections indicate chan-
nel opening and the dashed lines indicate the average
current level in the main conducting state in the absence
of IVM (control). Initially, ATP was applied for 5 s under
control conditions (top current trace). Subsequently,
the patch was exposed to 3  M IVM for 6 min and ATP
applied again for 5 s (IVM1). In the presence of IVM the
baseline current tended to ﬂuctuate, and the current re-
cordings were typically noisier than in the absence of
IVM. Nevertheless, it is clearly evident that in the pres-
ence of IVM channel open time is greatly increased. A
small ( 20%) increase in the unitary current amplitude
with IVM is also apparent. When IVM was washed out for
6 min and ATP was applied again (wash1), the effect of
IVM on channel open time was greatly reduced. The ap-
plication and washout of IVM were repeated at 6-min in-
tervals (IVM2 and wash2), revealing once again the sig-
niﬁcant effect of IVM on the open time of the channel.
These results clearly indicate that the sixfold increase in
Imax in saturating ATP concentrations observed in whole-
cell recordings in response to IVM (Fig. 6 B) is primarily
not due to an increase in unitary conductance and likely
involves changes in channel gating.
The Effects of IVM on Unitary hP2X4 Receptor Channel 
Currents Determined from On-cell Patches
The rapid loss of channel activity in excised patches of
membrane suggests that an intracellular factor is im-
portant for continued channel function. To obtain suf-
ﬁcient single-channel data to quantify the effects of
IVM on channel gating, channel activity was recorded
in the cell-attached mode of the patch-clamp tech-
nique. The cells were bathed in a solution containing
150 mM KCl in order to shunt the membrane potential
to zero, whereas the patch of membrane underlying
the pipette was clamped to  150 mV. Although it is
possible to change the composition of the solution in
the pipette during on-cell recording, this is a rather
slow process and it is difﬁcult to determine when com-
plete solution exchange has taken place. We, therefore,
measured channel activity under a single experimental
condition in each patch, and made comparisons be-
tween patches exposed to ATP alone (control) and
patches exposed to ATP plus 0.3 or 1.5  M IVM. These
concentrations of IVM were chosen since 0.3  M IVM
primarily modiﬁed Imax in the whole-cell recordings
while 1.5  M IVM modiﬁed both Imax and t1/2 (Fig. 5).
To provide sufﬁcient time for IVM to equilibrate (see
Fig. 4), the cells were preincubated with IVM for 20–25
min before forming a tight seal and the recording pi-
pette also contained the appropriate concentration of
IVM. A relatively low concentration of ATP (0.3  M)
was used in the pipette solution in order to minimize
the simultaneous activation of multiple channels and to
limit channel desensitization.
Without ATP in the pipette solution, there were no
channel openings resembling hP2X4 receptor channel
currents in either the absence (n   30) or presence
(n   20) of IVM. In contrast, with 0.3  M ATP in the
pipette, a channel with a unitary conductance of  12
pS at  150 mV was observed in 96 of 197 patches. In
these patches, channel activity disappeared after sev-
eral minutes, suggesting that even at low ATP concen-
trations the channels enter a long-lasting desensitized
state. Fig. 8 A shows representative current records in
the absence and presence of either 0.3 or 1.5  M IVM,
as indicated above each current trace. The downward
deﬂections in the current indicate channel openings
Figure 6. The functionally
distinct sites for IVM have dif-
ferent effects on the efﬁcacy
of ATP. (A) Perforated-patch
whole-cell current traces in
response to different concen-
trations of ATP applied for
2 s, as indicated. Holding po-
tential   50 mV. (B) Con-
centration-response relation-
ships for ATP in the absence
(empty circles) or presence of
either 0.2  M (full circles) or
1.0   M (full inverted trian-
gles) IVM. Each point repre-
sents the average ( SEM) of
6–8 cells. Solid lines are ﬁts to
the Hill equation.288 Effect of Ivermectin on hP2X4
and the dashed lines represent the average current
level in the open state measured in the absence of
IVM. It is immediately apparent that as in the outside-
out patches, IVM had a small (but statistically signiﬁ-
cant) effect on the unitary current amplitude. On av-
erage, the conductance of the channel in the absence
of IVM was 11.8   0.8 pS (n   5), increasing to 15.3  
0.7 pS in 1.5  M IVM (n   5), (P   0.05, unpaired Stu-
dent’s t test). It is also clearly evident that 1.5  M IVM
considerably prolonged the open times. This increase
in open time is not due to the greater potency of ATP
in the presence of IVM (Fig. 6 B), since raising the
concentrations of ATP in the absence of IVM did not
signiﬁcantly prolong the mean open time (Fig. 8 B).
Fig. 8 C shows examples of 30 s of continuous current
recordings under control conditions (top trace) and
in the presence of 1.5  M IVM. The absence of super-
imposed channel openings despite the signiﬁcant
channel activity in the patch exposed to 1.5  M IVM
indicates that IVM signiﬁcantly increases Po (see also
Table I). Whether IVM also recruits silent channels re-
mains to be determined.
Figure 7. Representative current records from an excised out-
side-out membrane patch exposed to 3  M ATP. Downward (in-
ward) currents indicate channel opening. Shown is channel activ-
ity under control conditions (control), 6 min after exposing the
patch to 3  M IVM (IVM1) and 6 min after washing out the IVM
(wash1). The application and washout of IVM were repeated
(IVM2 and wash2). The dashed lines present the average current of
the main conductance state during the ﬁrst exposure to ATP (con-
trol). Holding potential  150 mV. Sampled at 50 kHz and ﬁltered
at 1 kHz for display.
Figure 8. The effects of IVM on unitary hP2X4 receptor channel
currents in on-cell patches. (A) Representative current records
from three different on-cell patches. The pipette solution con-
tained extracellular solution supplemented with 0.3  M ATP (top
trace), 0.3  M ATP plus 0.3  M IVM (middle trace), or 0.3  M
ATP plus 1.5  M IVM (bottom trace). When IVM was included in
the pipette solution, the cell was incubated in the same concentra-
tion of IVM for at least 25 min before establishing the cell-attached
conﬁguration. The dashed lines present the average current in the
open state under control conditions. Sampled at 50 kHz and ﬁl-
tered at 1 kHz for display. (B) Representative single-channel cur-
rent record with 3  M ATP in the pipette solution. Same calibra-
tion as in A. Note the brief openings within the burst in com-
parison to the long openings induced by 1.5  M IVM. (C)
Representative current records 30 s in duration, from two differ-
ent on-cell patches. The pipette solution contained extracellular
solution supplemented with 0.3  M ATP (top trace) or 0.3  M
ATP plus 1.5  M IVM (bottom trace). Same experimental proto-
col as in A.289 Priel and Silberberg
Gating Properties of the hP2X4 Receptor Channel
In the control experiments and in most of the experi-
ments with 0.3  M IVM it was not possible to determine
the total number of channels in the patch or whether
two adjacent bursts of channel openings were from the
same or different channels due to the relatively low Po.
Consequently, kinetic analysis was largely restricted to
the number and duration of open and shut events
within a burst of channel activity and to the duration of
the bursts using patches for which at least 1,200 open
and shut events could be analyzed. The durations of all
open and shut intervals were measured ﬁrst with half-
amplitude threshold analysis. The open and shut inter-
vals were then log-binned into 1-D dwell-time distribu-
tions and the distributions were ﬁt with sums of ex-
ponentials to determine the number of signiﬁcant
exponential components. Fig. 9 A plots open and shut
dwell-time distributions for one experiment recorded
under control conditions. The open (left panel) and shut
(right panel) distributions were best ﬁt with the sums
of three and ﬁve signiﬁcant exponential components,
respectively (continuous lines). The time constants and
magnitudes of the signiﬁcant exponential components
ﬁt to the open and shut dwell time distributions for the
control patches (open circles), the patches in 0.3  M
IVM (open triangles), and the patches in 1.5  M IVM
(ﬁlled inverted triangles) are summarized in Fig. 9, B
and C, and in Table I. As might be expected from the
single-channel current traces (Figs. 7 and 8), it is evi-
dent that 1.5  M IVM gave rise to two open states of
long duration not observed under control conditions
or in the presence of 0.3  M IVM. It is also apparent
from Fig. 9 B that the three longest shut components
were reduced in duration by 1.5  M IVM, consistent
with the increase in Po induced by IVM (Fig. 8 C). The
Figure 9. The effects of IVM on hP2X4 receptor
channel gating are complex. (A) Distributions of
open (left) and shut (right) interval durations for
unitary hP2X4 receptor channel activity recorded
from an on-cell patch in response to 0.3  M ATP un-
der control conditions. The solid lines are the maxi-
mum likelihood ﬁts with sums of exponentials. The
open and shut intervals were described by the sum of
three and ﬁve signiﬁcant exponential components,
respectively (patch c02 in Table I). (B and C) Time
constants (B) and areas (C) of the open (left) and
shut (right) signiﬁcant exponential components ﬁt-
ted to the dwell-time distributions of the channels ex-
posed to 0.3  M ATP alone (open circles), 0.3  M
ATP plus 0.3  M IVM (empty triangle), or 0.3  M
ATP plus 1.5  M IVM (full triangle). The values are
presented in Table I.290 Effect of Ivermectin on hP2X4
time constants of the two most brief shut components
were not signiﬁcantly affected by 1.5  M IVM despite
the overall increase in Po, suggesting that these compo-
nents represent shut events within a burst of channel
activity.
In 1.5  M IVM it was not possible to reliably deter-
mine a minimal shut time (critical time) that would de-
ﬁne the end of a burst since the third shut component
(counting from the most brief component) was only
3–5-fold longer than the second component. Hence,
burst analysis was used only to compare between the
control experiments and the experiments in 0.3  M
IVM. To prevent possible errors arising from the selec-
tion of a speciﬁc critical time, critical times ranging
from 1 to 50 ms were examined. Fig. 10 A shows the
number of openings per burst (left) and burst duration
(right) as a function of critical time under control con-
ditions (open circles) and in the presence of 0.3  M
IVM (ﬁlled circles). Although the bursts are not well
separated for this channel, it is evident that 0.3  M
IVM increased both the number of openings per burst
and burst duration for all tested critical times. An in-
crease in burst duration that is not accompanied by an
increase in mean open time or mean shut time within a
burst could arise from a greater efﬁcacy of ATP, and/or
from reduced channel desensitization. However, since
low concentrations of IVM had little effect on the EC50
of the ATP concentration-response relationship (Fig. 6
B), the increase in burst duration is likely due to re-
duced channel desensitization. This conclusion is sup-
ported by measurements of the effects of 0.2  M IVM
on the rate of deactivation of whole-cell currents acti-
vated by 30  M ATP (Fig. 10, B and C).
In summary, 0.3  M IVM increased burst duration
without signiﬁcantly affecting mean open time or sin-
gle-channel conductance, whereas 1.5  M IVM sub-
stantially prolonged mean open time and increased the
probability of channel opening. The relationship of
these effects of IVM to the changes in ensemble ATP-
activated currents is addressed in the discussion.
DISCUSSION
The aim of this study was to examine the mechanism
underlying the actions of IVM on the human P2X4 re-
ceptor channel. From the whole-cell data it is clear that
IVM at concentrations  1  M has two distinct effects
on hP2X4 receptor channels: up to a sixfold increase in
the maximum current activated by saturating concen-
trations of ATP, and up to a 10-fold slowing of the rate
of current deactivation (Fig. 5). These two phenomena
can be explained by assuming that IVM binds to sepa-
rate sites, with the increase in maximal current result-
ing from the binding of IVM to a higher afﬁnity site
than the site that leads to a reduction in the rate of de-
activation. This assertion is based on the following ob-
servations: (a) The time courses of onset and washout
of the effect of IVM on Imax and on t1/2 were signiﬁ-
cantly different (Fig. 4). (b) The effect of IVM on t1/2
deviates from a second order reaction (Fig. 4). (c) The
effects of IVM on Imax and on t1/2 have distinct concen-
tration-response relationships (Fig. 5). (d) Low concen-
Figure 10. The higher afﬁnity site of IVM reduces
hP2X4 receptor channel desensitization. (A) Number
of opening per burst (left) and burst duration (right)
induced by 0.3  M ATP as a function of the critical
time between bursts of channel activity in the ab-
sence (open circles) or presence of 0.3  M IVM (full
circles). (B) Perforated-patch whole-cell currents in
response to 2-s application of 30  M ATP in the ab-
sence (left) and presence (right) of 0.2  M IVM. The
cell was incubated for 30 min with 0.2  M IVM be-
fore exposure to ATP. Holding potential  60 mV.
Calibration bars, 150 pA (left) and 500 pA (right).
(C) Average ( SEM) desensitization after 2-s expo-
sure to 30  M ATP in the absence (control) and pres-
ence of 0.2  M IVM (n   8). The statistical signiﬁ-
cance between the groups was determinate with un-
paired Student’s t test, where *** represent P  
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trations of IVM primarily increase the maximal re-
sponse to ATP, whereas higher concentrations of IVM
primarily increase the apparent afﬁnity for ATP (Fig. 6
B). (e) The single-channel behavior of hP2X4 receptor
channels are distinct at low and high concentrations of
IVM (Figs. 8 and 9).
There is insufﬁcient data to construct a kinetic
scheme which incorporates the effects of IVM on the
gating of hP2X4 receptor channels. Nevertheless, since
functional P2X receptor channels likely contain three
subunits (Nicke et al., 1998; Stoop et al., 1999), it is
tempting to speculate that each channel has three
identical binding sites for IVM. In this case, perhaps
the binding of one molecule of IVM is sufﬁcient to in-
duce the observed effects of IVM on Imax. In contrast,
the binding of a single molecule of IVM cannot ac-
count for the effects of IVM on t1/2, since a single bind-
ing site cannot give rise to a rate of recovery during
washout that is faster than the rate of onset (Fig. 4 B).
Hence, we speculate that through allosteric interac-
tion, the binding of the ﬁrst molecule of IVM reduces
the afﬁnity of additional IVM molecules binding to the
receptor (negative cooperativity). However, when one
or two additional molecules of IVM bind to the recep-
tor, the open state of the channel is greatly stabilized,
giving rise to a substantial slowing of the rate of current
deactivation. This model accounts for the higher con-
centrations of IVM needed to induce changes in t1/2 in
comparison to Imax and can account for the apparent
deviation from second order reaction for the effects of
IVM on t1/2.
The slow onset and washout of the effects of IVM sug-
gests that IVM, which is lipophilic, might need to parti-
tion into the membrane to reach its binding sites. If
this is the case, these sites must be close to the extracel-
lular face of the membrane since intracellular IVM had
no apparent effect on channel gating (Fig. 2). The
binding site for IVM appears to be extracellular in
other channels as well, including the crayﬁsh multiago-
nist–gated chloride-selective channel where application
of IVM to the cytoplasmic side of inside-out patches
had no effect (Zufall et al., 1989), and the glutamate-
gated chloride channel from Drosophila melanogater
(Cully et al., 1996) and the  7 nicotinic receptor
(Krause et al., 1998) that could be activated by extracel-
lular IVMPO4, a hydrophilic form of IVM.
In an attempt to identify the molecular mechanisms
underlying the effects of IVM, we examined single-
channel activity in the absence and presence of IVM.
Under control conditions, 2–3 and 4–5 signiﬁcant ex-
ponential components ﬁt the distributions of open and
shut durations, respectively (Fig. 9). These observa-
tions suggest that hP2X4 receptor channels gate among
a minimum of three open and ﬁve shut states. At low
concentrations (0.3  M), IVM had minor effects on the
number, duration, or area of the open and shut compo-
nents (Table I). In contrast, at a higher concentration
(1.5  M), IVM gave rise to two additional open compo-
nents of long duration, reduced the duration of the
three longest shut components, and reduced the area
of the shortest and two longest shut components.
These results indicate that the effects of IVM on chan-
nel gating are highly complex and, thus, it was not fea-
sible to construct a kinetic model for the effects of IVM
on channel gating. To achieve this goal it would be nec-
essary to examine the effects of multiple concentra-
tions of IVM on patches containing a single channel.
This could not be achieved due to the rundown of
channel activity in outside out patches.
There were no signiﬁcant effects of low concentra-
tions of IVM on mean open time, or on single-channel
conductance, whereas burst duration increased 3–5-
TABLE I
Significant Exponential Components Fit to the Open and Shut Dwell Time Distributions
Patch IVM Events Po
Mean
open
Open components
Time constant and (area)
Shut components
Time constant and (area)
123 4 5 1 2 3 4 5
 M % ms ms ms ms ms ms ms ms ms ms ms
C02 2,018 2 3.4 0.30 (0.27) 2.7 (0.45) 6.1 (0.28) 0.95 (0.63) 11 (0.11) 260 (0.14) 1,100 (0.12)
C04 1,382 0.7 1.9 0.79 (0.63) 3.5 (0.37) 0.078 (0.55) 0.85 (0.31) 5.7 (0.046) 53 (0.026) 1,600 (0.065)
C05 1,992 2 3.9 0.27 (0.28) 4.5 (0.72) 0.79 (0.65) 2.6 (0.21) 47 (0.032) 660 (0.082) 3,300 (0.032)
C07 2,182 1.5 6.8 0.82 (0.45) 6.3 (0.30) 16 (0.25) 0.65 (0.48) 2.3 (0.11) 12 (0.17) 400 (0.12) 3,200 (0.12)
I031 0.3 1,862 7.8 4 0.34 (0.16) 2.9 (0.62) 8.5 (0.22) 0.16 (0.51) 0.59 (0.43) 9.5 (0.039) 190 (0.011) 2,500 (0.009)
I034 0.3 5,218 43 3.8 0.42 (0.15) 3.2 (0.69) 8.8 (0.16) 0.32 (0.81) 1.1 (0.17) 35 (0.008) 300 (0.009)
I038 0.3 4,152 20 3.2 0.59 (0.48) 3.2 (0.41) 12 (0.11) 0.29 (0.38) 1.7 (0.37) 8.9 (0.24) 640 (0.012)
I039 0.3 2,622 18 4 1.4 (0.51) 6.5 (0.49) 0.39 (0.83) 1.4 (0.12) 51 (0.027) 500 (0.023)
I151 1.5 18,046 80 35 0.23 (0.10) 2.1 (0.17) 10 (0.29) 39 (0.21) 92 (0.23) 0.26 (0.35) 1.3 (0.48) 6.5 (0.15) 28 (0.041) 620 (0.007)
I152 1.5 3,390 96 66 0.90 (0.45) 1.3 (0.16) 6.0 (0.15) 170 (0.19) 790 (0.050) 0.26 (0.35) 1.3 (0.45) 6.5 (0.15) 28 (0.041) 620 (0.007)
I159 1.5 23,100 73 16 0.47 (0.44) 1.4 (0.41) 7.0 (0.084) 69 (0.040) 330 (0.032) 0.24 (0.40) 1.4 (0.34) 4.7 (0.24) 29 (0.017) 540 (0.006)292 Effect of Ivermectin on hP2X4
fold (for critical times between 5 and 20 ms). The ab-
sence of an obvious change in either the mean open
time or mean shut time per burst (Table I) or in the ap-
parent afﬁnity for ATP (Fig. 6 B), suggests that the in-
crease in burst duration induced by low concentrations
of IVM results from less desensitization. We propose
that in the absence of IVM the channels enter a desen-
sitized state after activation within tens of milliseconds
from which they can recover at a relatively low rate
(hundreds of milliseconds). As a result, when ATP is
applied under control conditions a fraction of the
channels desensitize before the current fully develops.
If IVM diminishes desensitization (either by increasing
the rate of recovery from desensitization or by slowing
the rate of entry into the desensitized state), then the
number of channels contributing to the maximal cur-
rent would increase substantially, giving rise to an in-
crease in Imax.
Burst analysis could not be reliably applied to chan-
nel activity in 1.5  M IVM due to the high Po. Never-
theless, the striking effect of high concentrations of
IVM on mean-channel open time can largely account
for the signiﬁcant decrease in the rate of current deac-
tivation after the washout of ATP observed in whole-cell
recordings. In view of the signiﬁcant effects of IVM on
the stability of the open conformation of the channel,
it is tempting to speculate that the observed increase in
the potency of ATP (Fig. 6 B) reﬂects effects of IVM on
channel gating rather then on the binding site for ATP.
In humans, IVM is typically given as an oral dose of
150 mg/kg, once a year. This dose, which has minimal
adverse effects, results in a peak plasma concentration
of IVM of  50 ng/ml. In a recent study, higher concen-
trations of IVM were tested, resulting in a threefold
greater peak plasma concentration, also with no signiﬁ-
cant adverse experiences (Guzzo et al., 2002). In view
of the broad distribution of P2X4 receptor channel
mRNA in human tissues (Garcia-Guzman et al., 1997)
and given that the EC50 for the high afﬁnity site for
IVM was 0.25  M, which is  220 ng/ml, it is surprising
that IVM is so well tolerated. The tolerability of IVM is
likely due in part to its exclusion from the central ner-
vous system by P-glycoproteins in the endothelial cells
of brain capillary (Lankas et al., 1997; Nobmann et al.,
2001). This could not explain, however, the limited ad-
verse effects of IVM on peripheral tissues. P2X4 recep-
tor channel mRNA is abundant in human heart, adre-
nal, liver, kidney, skeletal muscle, and trachea (Gar-
cia-Guzman et al., 1997), and in rat, P2X4 receptor
channel protein is extensively expressed in epithelia,
vascular and visceral smooth muscle, and fat cells (Bo
et al., 2003). These ﬁndings might indicate that native
human peripheral P2X4 receptor subunits are in associ-
ation with other subunits, which reduce or eliminates
the sensitivity of the receptor to IVM, or that native hu-
man P2X4 receptor channels are less sensitive to IVM
either due to regulatory mechanisms or due to inacces-
sibility of the binding sites to IVM.
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